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CHAPTERONE 
GENERAL INTRODUCTION 
STALK ROT: CAUSAL AGENTS AND EPIDEMIOLOGY 
A chronic and often serious threat to maize production throughout the world, stalk 
rots are characterized by premature decay of stalk tissue (19). A number of fungal pathogens 
comprise the stalk rot complex, the most common of which are Gibberella zeae (Schw.) 
Petch, Colletotrichum graminicola (Ces.) Wils., Stenocarpella maydis (Schw.) Lev., and 
members of the genus Fusarium, including F verticillioides (Sacc.) Nirenberg (syn. F 
moniliforme Sheldon), F proliferatum (Matsushima) Nirenberg, and F. subglutinans 
(Wollenw. & Reinking) Nelson, Toussoun, and Marasas (40). Many of these pathogens are 
natural colonizers of senescent tissue and are present in most maize ffolds at harvest time 
(40). However, when the physiological health of maize plants is compromised by various 
stress factors, stalk rot fungi can invade plant tissue prior to physiological maturity, causing 
yield loss due to reduced grain fill, premature death, and lodged stalks (19). The stresses 
known to advance fungal invasion and deterioration of stalk tissue include extremes of soil 
moisture and temperature, insufficient sunlight, damage from insects, hail, or diseases, 
potassium deficiency, and high plant density (plants/ha) (l,19,26,27). 
Because stalk rot fungi differ in their response to a particular ~nvironmental variable, 
it is difficult to predict stalk rot epidemics based strictly on environment-host interactions. 
To address the complex interactions among stalk rot fungi, host plants, and environmental 
factors, the photosynthetic stress-translocation balance concept was developed by Dodd (9). 
According to this model, the premature invasion of fungal pathogens apd development of 
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stalk rot symptoms result from a carbohydrate deficiency in the stalk tissue caused by the 
combined effects of increased energy demands during the period of grainfill and reduced 
photosynthetic capacity. The rate of photosynthesis is a function of light intensity, moisture 
and nutrient availability, and green leaf area, any of which can be affected by environmental 
stresses. As the supply of photosynthates to root and stalk tissue falls below the level 
required for cell maintenance, cells begin to senesce and are subsequently colonized by 
fungal saprophytes. Carbohydrate deficiencies are most likely to occur if photosynthesis is 
restricted after anthesis, at which time the developing kernels receive priority for available 
photosynthates. The resulting translocation imbalance, compounded by an inadequate 
carbohydrate supply, can lead to premature stalk rot. This model is supported by studies in 
which plants with ears removed after pollination are comparatively resistant to stalk rot 
(19,26). 
Not every stalk rot pathogen, however, conforms to the principles of the 
photosynthetic stress-translocation balance model. One in particular, Colletotrichum 
graminicola, is capable of colonizing healthy living tissue, and is therefore not affected by 
the sink strength of the developing ear to the same degree as the predominantly saprophytic 
stalk rot fungi ( 4 ). Severity of stalk rot caused by C. graminicola is negatively correlated to 
light intensity, but this is believed to reflect a restriction of the plant's light-dependent 
resistance mechanisms, as opposed to the senescence of carbohydrate-starved tissues ( 4 ). 
Regardless of variation in mode of pathogenicity, stalk rot pathogens share similar 
infection pathways and disease cycles. Mycelium or survival spores overwinter on infected 
com residue and produce spores that are dispersed by wind, splashing rain, or in some cases, 
insect vectors (19,33). Invasion of the root system and stalk tissue occurs through natural 
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entry points such as nodes or leaf sheath bases, through wounds created by insects, hail, or 
mechanical damage, or by direct penetration of the stalk rind. Fungi colonize and decompose 
the parenchyma tissue of maize stalks (23), causing collapse of vascular bundles and 
disintegration of the pith, thus severely weakening stalk strength. Decay of the stalk rind is 
not necessarily concurrent with interior stalk decay, and is therefore not a useful indicator of 
stalk rot (19). 
The distribution of stalk rot fungi is strongly influenced by the prevailing weather 
patterns in a given region. Warm, dry conditions favor F. verticillioides, which is 
consequently the predominant stalk rot pathogen in dry regions and elsewhere the most 
frequently isolated pathogen of stalk tissue during the hot months of July and August (13,24). 
Unless accompanied by significant physiological plant stress, this early infection by F. 
verticillioides will often remain symptomless until after silking, when stalk tissue begins to 
senesce naturally (11,21). F. verticillioides is considered one of the less virulent pathogens; 
its presence in stalks is believed by_some to represent a stage in an ecological succession of 
stalk rot fungi ( 42). 
Hyphal fragments of F. verticillioides overwinter in buried com residue and produce 
asexual spores called microconidia, which most commonly infect through leaf sheaths, 
nodes, and wounds created by insect pests (30). In addition to creating entry points for 
fungal invasion, the European com borer (Ostrinia nubilalis) has been.shown to serve as a 
vector of F. verticillioides microconidia, and it is likely that this occurs with other Fusarium 
species as well (33). Seed-to-seedling transmission of the pathogen has been demonstrated, 
but is not considered a primary pathway for development of stalk rot (19,29). 
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Gibberella zeae, the most common stalk rot pathogen in many regions, is the 
teleomorph of Fusarium graminearum ( 40). This pathogen tends to predominate in moist, 
cool regions and its occurrence can fluctuate greatly from season to season at specific 
., 
locations, depending on weather conditions (20). G. zeae produces small, black perithecia on 
the surface of the rind that overwinter in com residue and produce ascospores in wet 
weather(35,40). Infection of stalks by ascospores or macroconidia usually occurs after 
pollination, when competition with the developing kernels begins. G. zeae typically causes a 
more severe stalk rot than other Fusarium species, surpassing F. verticillioides in the 
colonization and decay of senescent tissue as the plant approaches physiological maturity 
(13,41). 
A pathogen of growing importance throughout the combelt is Colletotrichum 
graminicola, causal agent of a stalk rot disease commonly referred to as anthracnose. The 
disease was considered relatively minor until the early 1970s, when a serious anthracnose 
epidemic in sweet com occurred in Indiana (38). The fungus has since become increasingly 
prevalent among stalk rot pathogens, its expansion aided by the use of susceptible hybrids, 
the appearance of more virulent biotypes of the pathogen, continuous com production and 
reduced tillage practices (4,38,39). 
Acervuli produced on aboveground residue contain the conidi~l mass that is 
eventually dispersed by wind or splashing rain (17). Although com plants appear most 
susceptible to C. graminicola infection around the time of anthesis, the pathogen can infect 
throughout the growing season and cause disease on different parts ofthe plant, including 
leaves, stalks, ears, crown, and roots. Following dispersal of the conidia, infection occurs 
through natural openings such as leaf sheaths, through entries created by wounding, or by 
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direct tissue invasion. Anthracnose leaf blight, if present, may serve as a source of secondary 
inoculum, in addition to heightening the plant's overall susceptibility to fungal infection (16). 
CONTROL 
Traditional methods for stalk rot management have focused on cultural practices. 
Chemical control is virtually impossible since stalk rot pathogens are ubiquitous in the field 
and have multiple infection pathways (7,40). Resistance breeding efforts have isolated major 
and partial resistance genes to various stalk rot pathogens (2,6), but altering cultural practices 
to minimize the stresses that increase plant susceptibility to fungal inv~sion remains the most 
effective way to manage stalk rot (28). This approach includes improving soil drainage to 
avoid saturation, maintaining adequate moisture levels during the grainfill period, avoiding 
potassium deficiencies with the proper fertilizer regime, and controlling insect pests, foliar 
diseases, and weeds (19,28,40). Avoiding early-maturing hybrids can also be an effective 
stalk rot management tactic, since these hybrids reach the stages of greatest susceptibility 
earlier in the growing season when temperature and moisture conditions tend to be more 
favorable for stalk rot development. Finally, farmers can harvest com at the earliest possible 
date, if necessary before dry-down is completed, in order to avoid losses due to lodged stalks. 
Frequent scouting for stalk rot symptoms is necessary to determine whether this measure is 
necessary. Scouting is especially recommended during seasons when ~deal early conditions 
result in high kernel set but are followed by stresses during grainfill, which would exaggerate 
the translocation balance. 
EUROPEAN CORN BORER 
The European com borer (Ostrinia nubilalis) (Hilbner) (order Lepidoptera, family 
Crambidae) is a serious pest of com and other crops, including sorghum, cotton, and 
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vegetables (25). Yield loss due to the larval feeding of this introduced lepidopteran, along 
with efforts to control severe infestations, cost farmers on average more than one billion 
dollars annually. In Iowa, the European com borer (ECB) is considered one of the two 
primary insect pests of com. 
The number of generations per year produced by ECB populations varies by region; 
throughout the Combelt of the US, populations typically produce two generations, while 
southern and eastern parts of the country can have three to four generations per year (25). 
When temperatures exceed 10° C in the spring, moths begin to emerge from debris and mate 
in areas of dense vegetation called active sites, usually in waterways and fencerows, which 
provide moisture necessary for the continued survival and reproduction of the moths. 
Following mating, the females leave the active sites and seek out egg-laying locations in 
cornfields. A first generation ECB lays two masses per night with 15 to 30 eggs per mass on 
the underside of com leaves, for up to ten nights. The eggs hatch after three to seven days, 
depending on the temperature and weather. If egg-laying occurs before com plants have 
reached the V 6 stage, survival of larvae is low due to the presence of a deterrent compound 
in the plant called DIMBOA, which is more concentrated in young plant tissues. Most plants 
are between the stages ofV8 to V12 at the time of the first generation egg laying, and thus 
become hosts of the larvae as they complete their five larval stages (in~tars ). 
The number of surviving larvae is largely a function of weather conditions, to which 
developing instars are strongly sensitive (34). Both drought and excessive moisture, along 
with several natural enemies, can increase mortality of ECB larvae. An entomopathogenic 
fungus found in soil and plant debris, Beaveria bassiana, kills overwintering larvae. This 
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fungal pathogen is favored by warm, wet weather late in the season, and can survive in the 
com plant endophytically throughout the growing season (37). 
Surviving larvae, often as few as 30 percent, typically feed in the whorl of the plant 
for the first few instars (10,25). At about the fourth instar, they begin to burrow into stalk 
tissue, where they finish larval development and begin pupation. The second-generation 
moths emerge from the stalks and begin a second cycle, which is characterized by more 
numerous and larger egg masses and an extended egg-laying period. The flight of second 
generation moths usually occurs soon after the com has tasseled. Larvae follow a similar 
feeding cycle as first-generation instars, with the exception that some burrow into ears and 
ear shanks. Larvae that reach the fifth instar enter diapause, enabling then to survive winter 
and emerge the following spring. 
Yield loss caused by the ECB is primarily due to physiological damage, which 
reduces grainfill (25). Lodging and ear droppage may occur, however, as a result of 
extensive tunneling. ECB further weaken the com plant by creating entry points for fungal 
invasion and serving as vectors of some fungal pathogens, particularly Fusarium 
verticillioides (19,33). The association between ECB injury and stalk rot incidence is 
important because the yield loss attributed to ECB is often due in large part to the subsequent 
fungal decay of com borer-damaged tissue (8, 18) 
Various management tactics are used to prevent ECB populations from reaching the 
economic injury level (25). These include planting hybrids with intermediate resistance to 
first-generation larval damage, planting early so that kernel set is established prior to second-
generation infestations, leaving stalk residue exposed throughout the winter, which increases 
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exposure of larvae to diseases and predators, and scouting regularly to determine whether 
insecticide applications are necessary. 
While foliar insecticides are recommended when ECB numbers reach an economic 
threshold, the level of control provided by traditional insecticides is limited by various 
factors: scouting can be difficult since larval damage is often hidden, heavy infestations are 
unpredictable, complete coverage of the com plant is nearly impossible to achieve, and 
extended egg-laying periods can render an application ineffective (31). These obstacles to 
aggressive control of the ECB have led to the development of a new management tool that 
capitalizes on recent developments in genetic engineering technology: transgenic Bt com. 
BT CORN 
For several decades, farmers have used suspensions of the bacterium Bacillus 
thuringiensis (Bt) as a foliar biopesticide on a number of different crops (36). Numerous 
strains of this soilbome bacterium produce crystalline proteins (Cry proteins) that act as*-
endotoxins, a class of stomach poisons, when ingested by certain insects (14). More than 60 
of these proteins, representing a wide range of insecticidal activity, have been identified (31 ). 
Bt proteins are highly specific due to the selective nature of the insect intestinal lining, which 
contains receptors specific to a particular activated Cry protein or combination of proteins 
(14). Activation is achieved through the function of proteases in the insect gut, which 
convert Cry proteins to a toxic form recognized by the membrane receptors (15). The 
binding of an activated Cry protein to its receptor results in cell lysis and disruption of 
nutrient absorption. 
While Bt proteins are highly effective against target insect pests, their use as 
biological insecticides is constrained by many of the same difficulties involved with 
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traditional chemical insecticides: timing of application, plant coverage, and rapid product 
breakdown (31 ). These problems are circumvented with transgenic plants that express the 
protein in their tissues throughout the season. The most common method used to transform 
com plants with Bt genes involves bombarding immature embryos with high-velocity 
microprojectiles coated with the DNA for Bt protein synthesis and subsequent screening of 
successful transformants (12). 
Four different modified Bt genes have been approved for use in commercial hybrids: 
crylA(b), crylA(c), cry9C, and most recently, cry IF (31). Accompanying the modified 
coding sequence is a promoter sequence, which controls the level and location of protein 
expression in the plant tissue (5). Two different promoters are used in the transformation of 
maize lines: the cauliflower mosaic virus (CaMV) 35S promoter or a combination of the 
phosphoenolpyruvate carboxylase (PEPC) promoter and a pollen-specific promoter. In 
plants with the 35S promoter, protein concentrations are highest in leaf, pith, and root tissue 
(22). The PEPC/pollen-specific promoter is associated with high protein concentrations in 
green tissue and pollen and low concentrations in the pith and kernels. 
The combination of Bt protein and promoter, along with the specific insertion event, 
define a transformation type ( event), the term used to distinguish the six separate 
transformations that have been registered by the EPA for commercial use. These 
transformation types are designated as 176 (Ciba Seeds, Greensboro NC), BTl 1 (Northrup 
King Co., Golden Vally MN), MON810 (Monsanto Co., St. Louis MO), DBT418 (DeKalb 
Genetics Corp., DeKalb IL), CBH351 (AgrEvo USA Co., Apple Valley MN), and TC1507 
(Dow Agro-Sciences). 
Transformation types differ in the level ofECB control they provide (5). Hybrids 
with transformation types BTl 1 and MON810 appear to control second-generation European 
com borer populations better than those with 176, which uses the PEPC/pollen-specific 
promoter (31 ). BTl 1 and MON810 average 98% control of both generations while for 176, 
control drops from 98% for first-generation larvae to 50-75% for the second generation. 
Since second-generation larvae frequently feed on silks and developing ears, the lower 
control provided by 176 may be due to the absence ofBt proteins in the kernels. 
The yield protection afforded by the use of Bt hybrids depends on the severity of the 
ECB infestation in a given year; despite this uncertainty and the financ;ial investment 
required, the response to Bt com in farm communities has been overwhelmingly positive 
because of the potential yield benefits involved (31 ). Since the first hybrids were made 
available in 1996, the amount of acreage in Bt com has steadily increased; in the 2000 
season, approximately 23% of com acreage in Iowa was planted in Bt hybrids (D. Farnham, 
ISU Agronomy Assistant Professor, personal communication). This rapid acceptance of a 
new technology has some experts worried, however, that the transition ofBt com from 
laboratory to field has been made without sufficient investigation of the potential effects on 
traditional disease and insect management practices. Few studies have been undertaken to 
determine precisely how, if at all, the presence ofBt proteins will alter on-farm strategies for 
maintaining the health of com plants. 
It seems logical, given the association between European com borer injury and fungal 
disease, that Bt hybrids could potentially play a role in disease management. However, some 
anecdotal field observations indicate that Bt hybrids may have reduced standability compared 
to non-Bt hybrids. A possible explanation for this observation is that the increased yields of 
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Bt hybrids and the added energy costs of Bt protein production may weaken stalks and 
increase the likelihood of lodging. Studies undertaken recently have produced conflicting 
results. Bergstrom et al (3) found significant reductions in anthracnose stalk rot symptoms in 
Bt hybrids compared to their non-Bt isolines. However, Reimers et al (32) found no 
evidence of a correlation between the percentage of stalk rot and the use of Bt or non-Bt 
hybrids. Together these studies suggest that deciphering the Bt-stalk rot interaction will 
require more in-depth examination. 
RESEARCH OBJECTIVES 
The broad goal of this research was to determine how, if at all, Bt hybrids affect the 
development of stalk rot. Specific objectives were to examine the effects of five Bt 
transformation types on stalk rot incidence and severity, lodging, and the species composition 
and diversity of the stalk rot complex. 
THESIS ORGANIZATION 
This thesis is organized into four chapters. Chapter one is the general introduction. 
Chapter two is a paper to be submitted to Plant Disease, entitled "The role of Bt hybrids in 
stalk rot management." Chapter three is a paper to be submitted to Plant Disease, entitled 
"The effect ofBt hybrids on species composition of the stalk rot complex." Chapter four is 
the general conclusions of the project. 
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CHAPTER TWO 
A COMPARISON OF MAIZE STALK ROT OCCURRENCE 
IN BT AND NON-BT HYBRIDS 
A paper to be submitted to Plant Disease 
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Richard L. Hellmich, Research Entomologist, USDA-ARS Corn Insects and Crop Genetics 
Research Unit and Iowa State University Department of Entomology, 
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ABSTRACT 
Stalk rots are among the most widespread and destructive diseases of maize. Larvae 
of the European corn borer (Ostrinia nubilalis) promote stalk rot development by creating 
entry points for fungal invasion, serving as vectors of certain pathogens, and causing 
physiological stress that may predispose plants to infection. Field experiments were 
conducted in 1998, 1999, and 2000 to determine whether the use of transgenic Bt hybrids 
expressing insecticidal proteins would infl~ence stalk health. Five hybrids representing 
different Bt transformation types were paired with their near-isogenic, non-Bt counterparts 
and subjected to treatments of manual and natural infestation with European corn borer 
larvae. Manual infestation resulted in significantly more ECB tunneling than natural 
infestation in 1998 and 1999 and significantly more lodging in 1998. In 1998, Bt hybrids had 
significantly less ECB tunneling, stalk discoloration, pith disintegration, and lodging 
16 
compared to non-Bt hybrids, but these effects depended upon the Bt transformation type and 
the infestation treatment. Similar but less pronounced effects of Bt transformation type were 
observed in 1999. In 2000 the amount of pith disintegration remained lower in certain Bt 
hybrids, particularly in BTl 1, while the amount of stalk discoloration and lodging was 
significantly higher in some Bt transformation types. These results suggest that the 
contribution of Bt hybrids to stalk rot management depends on the specific Bt transformation 
type used and the severity of the ECB infestation. 
INTRODUCTION 
Stalk rot is one of the most persistent and destructive diseases of maize throughout 
the world. The stalk rot complex is comprised of several fungal pathogens and secondary 
colonizers (17). The most common stalk rot pathogens in the US include Gibberella zeae 
(Schw.) Petch, Colletotrichum graminicola (Ces.) Wils., and Fusarium verticillioides (Sacc.) 
Nirenberg (18,29). Losses in the form of reduced grainfill, premature death and lodging can 
occur when these pathogens invade maize stalks prior to physiological maturity (17). 
Stalk rot fungi overwinter in infected maize residue and invade maize plants through 
natural entry points such as nodes, through wounds created by insects or mechanical damage, 
or by direct penetration ofroot and stalk tissue (1,10,16,17,28). Plants are predisposed to 
stalk rot by any stress that reduces the photosynthetic capacity of the plant following 
anthesis, when the developing ear competes with the stalk for carbohydrates (8,27). The 
traditional and most effective strategies for stalk rot management are to alter cultural 
practices to minimize the stresses that increase plant susceptibility to fungal invasion and 
select locally adapted hybrids with partial resistance to stalk rot (21). 
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Injury due to the feeding of the European com borer, Ostrinia nubilalis (Hubner) 
( order Lepidoptera, family Crambidae ), is one stress that can promote the progression of 
stalk rot (6,29). The European com borer (ECB) is one of the most economically important 
insect pests of maize, causing an estimated one billion dollars in losses annually (20). ECB 
larvae can contribute to the development of stalk rot in several ways. By tunneling through 
stalk tissue, they create entry points for fungal invasion, serve as vectors of some fungal 
pathogens, and compromise the overall health of maize plants (3,6,7,14,28). This 
relationship between European com borer damage and stalk rot is an important factor in pest 
management decision-making, because the yield loss attributed to European com borers is 
often due in large part to the subsequent fungal decay of ECB-injured tissue (7,15). 
Because of the association between European com borer injury and fungal stalk rot, 
ECB control is recommended as one component of an integrated stalk rot management 
strategy (21 ). The most effective way to prevent ECB injury is through the use of transgenic 
Bt hybrids, available to farmers since 1996 (24). Bt hybrids are created by the insertion into 
the maize genome of a bacterial gene that codes for production of one of several insecticidal 
proteins (5). These proteins were first isolated from Bacillus thuringiensis, a soil-borne 
bacterium that is pathogenic to certain insects. Genes encoding three lepidopteran-specific 
Bt proteins (crylA(b), crylA(c), and cry9C) have been used to transform commercial inbred 
lines (5,12). Accompanying these coding sequences is one of two promoter sequences: a 
cauliflower mosaic virus (CaMV) 35S promoter or a combination of a phosphoenolpyruvate 
carboxylase (PEPC) promoter and a pollen specific promoter (19). 
The combination of Bt protein and promoter sequence, along with the specific 
insertion event, define a transformation type or event, the term used to distinguish the six 
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separate transformations that have been registered by the EPA for commercial use. These 
transformation types (or events) are designated as 176 (Ciba Seeds, Greensboro, NC), BTl 1 
(Northrup King, Golden Valley, MN), MON810 (Monsanto Co., St. Louis, MO), DBT418 
(DeKalb Plant Genetics, DeKalb, IL), CBH 351 (AgrEvo USA Co., Apple Valley, MN), and 
.TC1507 (Dow AgroSciences). MON810 and BTl 1 are the most widely planted (G.P. 
Munkvold, personal communication). Several of the others are no longer marketed, and new 
types are presently being developed and tested for commercial release. Transformation types 
differ in the specific Bt protein expressed and the location of expression in the plant tissue, 
and thus vary in the efficacy of European corn borer control they provide (5). 
Few scientific investigations have been undertaken to determine precisely how, if at 
all, the presence of Bt proteins in maize hybrids will influence pest management strategies 
other than insect protection. In contrast to the established relationship between the stress 
caused by insect injury and infection by pathogenic fungi, an alternative hypothesis suggests 
that ECB injury is not a major factor in stalk rot development (9), and that the increased 
yields of Bt hybrids and the added energy cost of producing Cry proteins will weaken stalks 
and increase their susceptibility to fungal invasion. The existing data are inconclusive. In a 
recent study, Bergstrom et al (2) found significant reductions in anthracnose stalk rot 
symptoms in Bt hybrids compared to their near-isogenic, non-Bt counterparts. In 
preliminary field experiments comparing stalk rot symptoms in Bt anq non-Bt hybrids, we 
obtained similar results but observed variation among the different Bt events in their effect 
on stalk rots (22). A study by Reimers et al (25) found no correlation between the incidence 
of stalk rot and the use ofBt hybrids. The conflicting results of these studies, as well as the 
unexplored issue of stalk strength in Bt hybrids, provided a basis for the present study. The 
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objectives of our research were to determine the effects of five Bt transformation types on the 
incidence and severity of stalk rot and lodged stalks and on the relationship between stalk 
strength and grain weight. 
METHODS 
Field experiments were conducted in 1998 through 2000 in the vicinity of Ames, 
Iowa. Each year, five Bt hybrids and their near-isogenic non-Bt counterparts were evaluated 
in field plots arranged in a randomized complete block design with eight replications (Table 
2.1 ). Fields were located at the Iowa State University Johnson farm (Story Co.) in 1998, 
Woodruff farm (Boone Co.) in 1999, and the Agronomy and Agricultural Engineering 
Research farm (Boone Co.) in 2000. All fields were in a maize-soybean rotation and were 
field-cultivated prior to planting between mid- and late May. Standard fertilization and weed 
management practices were applied in all fields. Plots consisted of four rows 5.33 min 
length planted at a density of 123,000 seeds/ha and thinned to approximately 69,000 
plants/ha, with plants spaced 15-20 cm apart to standardize competition between neighboring 
plants. Each hybrid was subjected to two treatments: 1) manual infestation, consisting of two 
ECB infestations, one at growth stage V8-V9 (mid-whorl) and one at growth stage Rl (silk 
stage)(26); 2) natural infestation (no manual infestations). Larvae for the manual infestations 
were reared at the USDA ARS Com Insects Laboratory in Ames and applied to plants using 
an applicator that delivered approximately 50 neonatal larvae mixed with ground maize cob& 
to the whorl at V8-V9 and to the axil of the ear shank at Rl (23). Each of the infestations 
was performed twice within a one-week period. An additional treatment carried out in 1999 
and 2000 consisted of applications of a permethrin insecticide (Pounce® 3.2 EC: FMC Co., 
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167.4 g ai/hectare) on the d~y after each infestation treatments (four applications total) to 
plots of the non-Bt isoline of transformation type MON810. No inocul!,ltions of stalk rot 
pathogens were made, as these fungi are present naturally in sufficient quantities in residue 
and soil. 
Stalks were sampled at physiological maturity (R6), as indicated by formation of a 
black layer on the kernel. Sampling consisted of systematic· selection ( every ith stalk, where i 
= 5 or 6) of four stalks from an inner row of each four-row plot. Stalks were excised at the 
base with a pruning shears and trimmed back four nodes above the ear.node, with the upper 
internodes subsequently discarded. The remainder of the stalk was split longitudinally. The 
split stalks were evaluated for the length ( cm) of stalk discoloration, ECB tunneling, and pith 
disintegration. Pith disintegration was defined as stalk tissue in which the pith was 
thoroughly decayed, leaving only the vascular bundles intact. We interpreted stalk 
discoloration as an early stage in stalk rot development and therefore distinguished it from 
pith disintegration, a symptom that better typifies fully developed stalk rot. In 1998, the 
incidence (presence or absence) of pith disintegration was determined; in the following two 
years, this procedure was modified to include measurement of the length of disintegrated pith 
in the stalks to estimate stalk rot severity as well as incidence. Six additional stalks per plot 
were sampled for determination of stalk strength in relation to grain weight. The ear and the 
internode approximately 50 cm from ground level of each stalk were cpllected. The ears 
were placed in cloth bags, refrigerated, and later shelled. The shelled kernels were weighed 
and moisture content determined using a Dole 400 Moisture Tester (Eaton Corporation, 
Carol Stream, IL). Grain weights were calculated based on kernel weights corrected with 
moisture readings. The strength of the internodes was evaluated with the Instron Materials 
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Tester (Instron Corp., Canton, MA), an instrument that subjected the intemodes to a 
tangential compressive force and measured the resistance in kg to the compression (11 ). This 
intemode strength measurement was used to calculate the ratio of stalk strength to grain 
weight for each plant. 
Approximately 30 days following physiological maturity of the plants, lodging 
ratings were obtained by determining the percentage of lodged stalks in the remaining 
unsampled inner row of each plot. Only stalks broken below the ear node were counted as 
lodged. In 1999 and 2000, lodged stalks were categorized as to whether or not the lodging . 
event was associated with ECB injury, based on evidence ofECB tunneling at the point of 
lodging. 
The SAS statistical package (Statistical Analysis System, SAS Institute, Inc., Cary, 
NC) was used to carry out all analyses. Analyses of variance were conducted on the means 
of all sampled plants in each plot for the following variables: length of stalk discoloration, 
incidence of pith disintegration, length of pith disintegration (except in 1998), length ofECB 
tunneling, number of ECB larvae, and the percentage of stalks that were lodged. Four-way 
analysis of variance was carried out to determine the main effects of hybrid brand, presence 
ofBt proteins (Bt), manual or natural infestation (treatment), and replicate block, as well as 
interactions among these variables. Because each hybrid brand contains a different Bt type, 
the brand x Bt interaction was interpreted to represent differential effects among Bt types. 
Mean separation was performed using orthogonal contrast analysis. · Linear correlations were 
calculated to determine the relationship between ECB injury and stalk rot symptoms. 
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RESULTS 
There were significant differences (P:::; 0.05) in stalk rot incid~nce and severity, 
lodging and European com borer (ECB) injury between Bt hybrids and their non-Bt 
counterparts, but these effects varied with the year, Bt transformation type, and level of ECB 
infestation. With few exceptions, the amount of ECB tunneling was significantly less in Bt 
hybrids compared to their near-isogenic, non-Bt counterparts (Figure 2.1 ). Linear 
correlations between ECB injury and two symptoms of stalk rot, stalk discoloration and pith 
disintegration, were significantly positive with the exception of the 2000 experiment (Table 
2.2). There were no significant linear correlations between ECB injury and lodging in any of 
the three years (Table 2.2). 
In 1998 and 1999, manual infestation with ECB larvae resulted in significantly more 
ECB tunneling, but these effects were limited to non-Bt hybrids in 1998 and to certain hybrid 
brands in 1999 (Table 2.3). In 1998 and 2000 there were significant interactions between the 
effects of infestation treatment and Bt on some stalk rot symptoms (Table 2.3). In the 
manual infestation treatment in 1998 there was significantly less stalk discoloration and a 
lower incidence of pith disintegration in Bt hybrids compared to non-Bt hybrids. In the 
natural infestation treatment in 2000 there was significantly less pith disintegration in Bt 
hybrids compared to non-Bt hybrids. 
In each year of the project, there were significant effects of the presence of Bt 
proteins and/or significant interactions between the effects ofBt proteins and hybrid brand on 
one or more of the stalk rot variables measured (stalk discoloration, pith disintegration, and 
lodging) (Table 2.3). In 1999, the BTl 1 hybrid had significantly less stalk discoloration than 
23 
its non-Bt counterpart, but this effect was reversed in 2000 with significantly less 
discoloration observed in the non-Bt counterpart (Figure 2.2). Incidence of pith 
disintegration was significantly lower in the BTl 1 hybrid compared to its non-Bt counterpart 
in 1998 and 1999 in the naturally infested plots (Figure 2.3). In 1999 and 2000, reductions in 
severity of pith disintegration were observed in the BTl 1 hybrid compared to its non-Bt 
counterpart (Figure 2.4). In 1999 this reduction occurred only in plots receiving the natural 
ECB infestation. In 2000, the BTl 1 hybrid also had significantly less lodging than its non-Bt 
counterpart (Figure 2.5). Transformation type 176 had a significantly lower incidence of pith 
disintegration and less lodging in 1998 (manual infestation) and lodging alone in 2000 
(Figures 2.3 and 2.5). In 2000, significantly more stalk discoloration (manual infestation) 
and lodging were observed in transformation type CBH351 than in its non-Bt counterpart 
(Figures 2.2 and 2.5). In 1998 the same transformation type had a significantly lower 
incidence of pith disintegration (manual infestation) than its non-Bt counterpart (Figure 2.3). 
There was no consistent effect of Bt proteins on the stalk strength to grain weight 
ratio (Figure 2.6). Bt transformations did not significantly affect grain weight or stalk 
strength, with the exception of 1998, when Bt hybrids had significantly stronger stalks and 
higher grain weights than those ofnon-Bt hybrids (data not shown). 
The effects of the foliar insecticide on stalk rot variables and ECB injury depended on 
the year. In both 1999 and 2000, the amount of ECB tunneling was significantly less in the 
Bt hybrid compared to both the sprayed non-Bt and the unsprayed non-Bt counterpart (P < 
0.01) (Table 2.4). In 2000, the Bt hybrid had significantly less stalk discoloration and pith 
disintegration than the unsprayed non-Bt hybrid, while the sprayed hybrid did not 
significantly differ from the unsprayed (Table 2.4). 
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DISCUSSION 
Our research suggests that whether Bt hybrids contribute to or hinder stalk rot 
management depends to some extent on the specific Bt transformation type used, with BTl 1 
providing the most consistent reductions in stalk rot. The effects of the other transformation 
types were more variable, and for this reason the interaction between hybrid brand and Bt 
transformation was of greater interest than overall comparisons between Bt and non-Bt 
hybrids. In 1998, significant reductions in stalk rot symptoms and lodging were observed in 
some Bt hybrids compared to their non-Bt counterparts, but these results were not confirmed 
in the following two years. The 1999 experiment produced fewer significant differences but 
a similar pattern of reduced stalk rot symptoms in some Bt hybrids. In 2000, however, some 
Bt hybrids had significantly more stalk discoloration and lodging compared to their non-Ht 
counterparts. High levels of stalk rot occurred throughout the state in 2000 ( 13) and were 
more closely related to drought stress than to ECB injury. A possible interpretation of these 
results is that the contribution of Bt hybrids to stalk rot manageqie:qt is µot eyident wp.~n 
ECB injury is not a primary factor in stalk rot development. 
Transformation type CBH351 provides additional insight into the interaction between 
Bt proteins and stalk rot in the 2000 experiment. With little ECB injury in the natural 
infestation, the Bt hybrid representing this transformation type had significantly more 
lodging than its non-Bt counterpart. When ECB injury was more severe (the manual 
infestation), the Bt hybrid had significantly less lodging than its non-Bt counterpart. 
Together, these results demonstrate that when the ECB population is low, there is no 
advantage conferred by the presence of Bt proteins. 
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There was no consistent effect of Bt transformation on the stalk strength to grain 
weight ratio; the hypothesis that the increased yields often reported with Bt hybrids occur at 
the expense of stalk strength is therefore not supported by our data. It must be noted, 
however, that although standard estimates of expected yield losses associated with European 
corn borer larvae exist ( 4), we observed little or no reduction in grain weight in non-Bt 
hybrids compared to Bt hybrids. 
Other factors may have obscured differences between Bt and non-Bt hybrids in this 
project. The correlations between ECB tunneling and stalk rot symptoms were significantly 
positive in two out of three years, but were overall fairly low compared to the findings of 
previous research (6,14). It was apparent from comparisons of manual and natural 
infestation that the survival of infested European corn borer larvae in the field was low, and 
we were thus unsuccessful in simulating severe ECB pressure in the manual infestation plots. 
Natural ECB populations were lower than normal in each year of the study (R.L. Hellmich, 
personal communication), which further limited the discerning power of our experiments. In 
years of severe ECB infestation, 12-15 cm of larval tunneling per stalk would not be unusual 
(R.L. Hellmich, personal communication); in our experiment, stalks averaged approximately 
two cm of tunneling. 
Perhaps the most important factor influencing the results of this research is the 
complexity of the interaction between stalk rot and the environment. In the absence of insect 
damage, there are still many plant stresses that contribute to stalk rot development, and they 
vary unpredictably among experiments. In future field experiments it would be 
advantageous to devise an infestation procedure that would ensure high survival of infested 
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larvae, as well as high levels of insect damage, in order to assess the impact of Bt proteins on 
stalk rot under conditions of a severe ECB infestation. 
Despite these complicating factors, our research indicates that specific Bt 
transformation types may be more likely than others to contribute to stalk rot management. 
Reductions in pith disintegration were observed in BTl 1 compared to its non-Bt counterpart 
in 1998 (natural), 1999 (natural) and 2000 (both). BTl 1 also had significantly reduced 
lodging in 1998. In similar work with Bt hybrids and Fusarium ear rot infections, some 
transformation types more effectively reduced ear rot incidence and severity than others (22). 
In addition to confirming this inherent variability among transformation types, our 
observations demonstrate a need for further investigation of stalk rot in Bt hybrids under 
conditions of a severe ECB infestation. 
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Table 2.1 Hybrid representatives of five Bt transformation types (events) and their near-
isogenic, non-Bt counterparts used in field experiments. 
Btevent 1998 1999 
176 (KnockOutt NK (Ciba) MAX21 NK (Ciba) MAX21 
Non-Bt NK (Ciba) 4349 NK (Ciba) 4394 
Btl 1 (Yieldgardt NK 4640Bt NK 7070Bt 
Non-Bt NK 4640 NK 7070 
MON810 (Yieldgard? 
Non-Bt 
DBT418 (BtXtra)Y 
Non-Bt 
CBH351 (StarLink? 
Non-Bt 
Pioneer 34R06 
Pioneer 3489 
DK566Bt 
DK566 
Garst 8600Bt 
Garst 8600 
vciba Seeds, Greensboro, NC 
~orthrup King Co., Golden Valley, MN · 
xMonsanto Co., St. Louis, MO 
YDeKalb Plant Genetics, DeKalb, IL 
zGarst Seeds, Inc., Slater, IA 
Pioneer 34R06 
Pioneer 3489 
DK595Bt 
DK595 
Garst 8539 BLT 
Garst 8539 IT 
2000 
NK (Ciba) MAX454 
NK (Ciba) 4494 
NK 7070Bt 
NK 7070 
Pioneer 34R06 
Pioneer 3489 
DK 595Bt 
DK595. 
Garst 8539 BLT 
Garst 8539 IT 
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Table 2.2 Linear correlation coefficients between European corn borer injury ( cm tunneling) 
and stalk rot symptoms in Bt and non-Bt hybrids in field experiments conducted near Ames, 
IA, in 1998, 1999, and 2000. , 
Year 
1998 
1999 
ECB injury 
ECB injury 
Pith disintegration Stalk discoloration 
Non-Bt Bt Non-Bt Bt 
0.36' 0.05 0.22 0.01 
0.22 0.17 0.23 0.11 
2000 ECB injury 0.12 0.11 0.15 -0.11 
2Correlations in bold significant at P:::;0.05 
Lodging 
Non-Bt Bt 
0.13 0.10 
-0.05 0.05 
-0.07 -0.06 
Table 2.3 P values for the effects of brand, Bt transformation (Bt), and ECB infestation (Trt) on ECB injury, 
stalk discoloration, :eith disintegration, and lodging in field experiments near Ames, IA in 1998, 1999, and 2000. 
Year Effect ECB Stalk Incidence of Pith Severity of Pith Lodgingr Stalk Strength: Tunnelintb Discolorationac Disintegration ad Disintegrationae Grain weight g 
1998 Brand 0.69 <0.01 <0.01 - <0.01 <0.01 
Bt <0.01 0.02 <0.01 - <0.01 0.35 
Trt 0.03 0.38 0.52 - 0.04 0.12 
Brand x Bt 0.02 0.68 0.98 - <0.01 0.51 
Brand x Trt 0.74 0.23 0.19 - 0.08 0.49 
Trt X Bt 0.02 0.05 0.05 - 0.08 0.21 
Brand x Bt x Trt 0.68 0.46 0.46 - 0.21 0.73 
1999 Brand 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 
Bt <0.01 0.90 0.87 0.75 0.26 0.95 
Trt 0.01 0.99 0.75 0.73 0.99 0.86 
Brand x Bt 0.02 <0.01 0.03 <0.01 0.84 0.19 
Brand x Trt <0.01 0.50 0.88 0.55 0.92 0.14 
Trt X Bt 0.24 0.33 0.43 0.84 0.52 0.10 
Brand x Bt x Trt <0.01 0.79 0.60 0.33 0.99 0.19 w -
2000 Brand 0.01 <0.01 0.10 <0.01 <0.01 <0.01 
Bt <0.01 0.34 0.69 <0.01 0.22 0.99 
Trt 0.06 0.43 0.87 0.48 0.10 0.32 
Brand x Bt 0.36 <0.01 0.33 0.05 <0.01 0.73 
Brand x Trt 0.06 0.84 0.36 0.26 0.45 0.73 
Trt X Bt 0.03 0.86 0.70 0.01 0.06 0.59 
Brand x Bt x Trt 0.10 0.59 0.34 0.79 0.08 0.99 
a based on eight replicates of four stalks each 
b measured as cm of ECB tunneling per stalk 
c measured as cm stalk discoloration per stalk 
d measured as presence or absence of pith disintegration 
e measured as cm of pith disintegration, not measured in 1998 
f measured as proportion of lodged stalks, based on eight replicates of six stalks each 
g measured as average ratio of stalk strength to grain weight, based on eight replicates of six stalks each 
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Table 2.4 Effects of a foliar insecticide and Bt transformation on stalk rot symptoms and 
European com borer injury in field experiments conducted in 1999 and 2000 near Ames, IAv. 
Year Treatment Discoloration ( cm) Disintegration ( cm) ECB tunneling ( cm) 
1999 Be 78.4 az 10.6 a 0.05 a 
Insecticidex 69.4 a 13.2 a 0.92 b 
ControlY 64.9 a 6.7 a 1.4 b 
2000 Bt 
Insecticide 
Control 
30.8 a 
38.6 ab 
49.1 b 
22.3 a 
29.0 ab 
33.3 b 
~ffects for manual and natural infestation combined 
wPioneer hybrid 34R06 (near-isogenic with 3489) 
0.0 a 
2.7 b 
5.9 C 
xPermethrin insecticide (Pounce® 3.2 EC:FMC Co., 167 g ai/hectare) applied after each 
manual infestation to non-Bt hybrid (Pioneer hybrid 3489) 
YPioneer hybrid 3489 
ZV alues followed by the same letter are not significantly different within each year 
and symptom type 
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Figure 2.1 Extent of European com borer tunneling in Bt hybrids compared 
to their near-isogenic, non-Bt counterparts in 1998, 1999, and, 2000. 
* indicate significant differences (P_:S0.05) between Bt/non-Bt pairs. 
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Figure 2.2 Extent of stalk discoloration in Bt hybrids compared to their 
near-isogenic, non-Bt counterparts in 1998, 1999, and 2000. * indicates 
significant differences (P::::_ 0.05) between Bt/non-Bt pairs. 
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Figure 2.3 Incidence of pith disintegration in Bt hybrids compared to their 
near-isogenic, non-Bt counterparts in 1998, 1999, and 2000. 
* indicate significance differences (P:S 0.05) between Bt/n,on-Bt hybrids. 
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Figure 2.4 Extent of pith disintegration in Bt hybrids compared to their 
near-isogenic, non-Bt counterparts in 1999 and 2000. * indicat~ significant 
differences (P:S, 0.05) between Bt/non-Bt hybrids. 
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Figure 2.5 Amount of lodging in Bt hybrids compared to their 
near-isogenic, non-Bt counterparts in 1998, 19.99, and iooo. 
* indicate significant differences (P~0.05) between Bt/qon-Bt pairs. 
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Figure 2.6 Stalk strength to grain weight ratio ofBt hybrids compared to their 
near-isogenic, non-Bt counterparts in 1998, 1999, and 2000. 
* indicate significant differences (P~ 0.05) between Bt and non-Bt hybrids. 
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CHAPTER THREE 
FUNGAL SPECIES COMPOSITION IN MAIZE STALKS 
IN RELATION TO EUROPEAN CORN BORER INJURY AND TRANSGENIC 
INSECT PROTECTION 
A paper to be submitted to Plant Disease 
Emily W. Gatch, Graduate Research Assistant, 
Richard L. Hellmich, Research Entomologist, USDA-ARS Com Insects and Crop Genetics 
Research Unit and Iowa State University Department of Entomology 
and Gary P. Munkvold, Associate Professor 
ABSTRACT 
The maize stalk rot complex is comprised of several fungal pathogens. The most 
common stalk rot pathogens in North America are Gibberella zeae, Colletotrichum 
graminicola, Stenocarpella maydis, and members of the genus Fusarium, including F. 
verticillioides, F. proliferatum, and F. subglutinans. The European com borer ( Ostrinia 
nubilalis), one of the most destructive insect pests of maize, can contribute to fungal 
infection and stalk rot development by creating entry wounds and by serving as a vector of 
some stalk rot pathogens, particularly F. verticillioides and C. graminicola. Because they 
reduce or eliminate European com borer (ECB) injury as an infection pathway, transgenic Bt 
hybrids have the potential to alter the species composition and diversity of the stalk rot 
complex. Field experiments were conducted in 1998, 1999, and 2000 to compare the species 
composition and diversity of fungi infecting stalks ofBt and non-Bt maize hybrids. Hybrids 
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representing five Bt transformation types and their near-isogenic non-Bt counterparts were 
subjected to manual and natural infestations with European corn borer (ECB) larvae at 
vegetative growth stages V8 and Rl. Stalk tissue samples representing various levels of stalk 
rot were obtained from each plot, and cultured to determine fungal species composition. 
Stalk rot associated with ECB injury was distinguished from non-ECB associated stalk rot 
for species composition comparisons. Stalk rot fungi were recovered from nearly every 
stalk. The mean proportions of stalks infected with F. verticillioides and F proliferatum 
were significantly lower in Bt hybrids than in non-Bt hybrids in 1998 and 2000. In 1999 and 
2000, the proportions of stalks infected with G. zeae were significantly higher in some Bt 
hybrids compared to their non-Bt counterparts. The proportion of stalk~ infected with F 
verticillioides was higher in ECB-associated stalk rot in 1999 and 2000 than in stalk rot not 
associated with ECB injury, while the proportion of G. zeae was lower in ECB-associated rot 
in 2000. There were significantly higher proportions of G. zeae, F verticillioides, and F 
subglutinans in disintegrated stalk tissue compared to discolored and healthy tissue, 
depending on the year. Although there were effects on individual species, the effect ofBt 
transformation on the overall species diversity of the stalk rot complex was not consistent. 
For individual Bt transformation types in some years, fungal species diversity was 
significantly lower in Bt hybrids than in non-Bt hybrids. The species composition of fungal 
pathogens in Bt maize stalks differed significantly from that of non-Bt stalks, reflecting the 
preferential association between ECB injury and certain stalk rot pathogens, particularly F 
verticill io ides. 
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INTRODUCTION 
Numerous fungi have been implicated in stalk rot of maize, a disease of worldwide 
importance whose effects include reduced yields, premature death of plants and lodged stalks 
(14). The predominant members of the stalk rot complex in the US are Gibberella zeae 
(Schwabe) Petch, Colletotrichum graminicola (Ces.) Wils., Stenocarpella maydis (Schwabe) 
Lev., and members of the genus Fusarium, including F. verticillioides (Sacc.) Nirenberg, F. 
proliferatum (Matsushima) Nirenberg, and F. subglutinans (Wollenw. & Reinking) Nelson, 
Toussoun, and Marasas (15,26). Bipolaris zeicola (Stout) Shoem. can beisolated from some 
stalks but is considered a minor stalk rot pathogen (26). 
While many of these pathogens occur simultaneously in maize;plants, a core complex 
of several dominant pathogens is often associated with stalk rot in a given region (9,14,31 ). 
The relative prevalence of species in this complex, as well as the overall species diversity. 
can change both within the growing season and gradually over time as new cultural practices 
and hybrids are introduced, more virulent biotypes of the pathogens appear or disappear, and 
weather patterns change (3,14,16,30). The predominance of Stenocarpella maydis, for 
example, has fluctuated greatly over the past several decades, while Colletotrichum 
graminicola has steadily increased in importance (12,14). 
The complex of fungal pathogens found in maize stalks resembles a sophisticated 
ecological community in many ways. There is some evidence that competition occurs among 
stalk rot pathogens, particularly between G. zeae and Fusarium spp (16,(17,21). Interactions 
among competing fungi, insect pests, and maize stalks result in distinct mycofloral 
communities whose composition changes with the plant growth stage and seasonal weather 
fluctuations, approximating a kind of ecological succession (35). 
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These shifts in species composition can have implications for the type and severity of 
the resulting stalk rot, since stalk rot pathogens are known to vary in pathogenicity. C. 
graminicola and G. zeae are generally believed to cause a more severe decay than other 
species (9,16). In addition to this inter-specific variation, strains within species vary in their 
ability to cause stalk rot (9,34). There are conflicting reports of the pathogenicity of F. 
verticillioides in maize stalk tissue because this fungus is associated with both stalk rot and 
symptomless infection of stalk tissue (9,22,34). 
Stalk rot fungi are aided in the colonization and decay of maize stalks by any 
environmental stress that heightens the plant's susceptibility to infection, particularly 
following anthesis when carbohydrate shortages can occur (8). Injury due to the feeding of 
the European corn borer, Ostrinia nubilalis Hilbner, can significantly stress maize plants and 
encourage stalk rot development in several ways (5,6,13). By tunneling through leaf tissue 
and stalks, larvae create entry points for fungal pathogens. Extensive tunneling compromises 
maize plants physiologically and can hasten the development of stalk rot symptoms. Finally, 
European corn borer (ECB) larvae can serve as vectors of some stalk rot fungi, particularly 
F. verticillioides (27). 
Because of the association between European corn borer injury and certain stalk rot 
pathogens, measures taken to control European corn borer infestations .could affect the 
' 
species composition and diversity of the stalk rot complex. ECB tunneling is one of many 
infection pathways for stalk rot pathogens. Given our knowledge of fungal-insect dynamics, 
it is possible that the fungal community in ECB-injured stalk tissue differs from other rotted 
tissue in both composition and overall diversity. The concept of species diversity has 
numerous definitions and applications in ecological investigations. For the purposes of this 
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project, the Simpson diversity index, which measures both species richness (total number) 
and species evenness (relative abundance), was used to characterize the diversity of stalk 
mycoflora (7, 10,25). 
In the past, ECB management tools were limited to foliar applications of insecticides, 
which are inefficient and frequently ineffective. In response to the need for improved ECB 
control, transgenic Bt hybrids were developed. Bt hybrids are created by the insertion into the 
maize genome of a gene sequence derived from the bacteria Bacillus thuringiensis (Bt) that 
codes for production of a lepidopteran-specific insecticidal protein ( 4, 11 ). Six different 
transformation types, defmed by the specific Bt protein and the promoter sequence used, 
have been registered by the EPA for commercial use. 
Bt hybrids have been widely adopted by US farmers since their introduction in 1996 
for the protection they provide against European com borer injury. As the controversy over 
the use of these and other transgenic crops has escalated, so has the need for further 
investigation of how Bt hybrids will influence the complex interactions among insect pests, 
diseases, and the environment. Previous studies examining the potential role of Bt hybrids in 
maize stalk rot management have not had consistent results, although there is some evidence 
that certain Bt transformation types may be more effective than others in reducing stalk rot 
(2,18,23). These experiments were based on visual assessments of stalk rot symptoms; to 
date, there have been no attempts to examine the effects of Bt hybrids on the fungal 
communities responsible for stalk decay. The objectives of this study were to assess the 
influence ofECB injury on fungal species composition in maize stalks, and to determine 
whether the species composition and diversity of the stalk rot complex are altered by the use 
of Bt hybrids. 
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METHODS 
Field experiments were conducted in 1998 through 2000 in the vicinity of Ames, 
Iowa. Each year, five Bt hybrids and their near-isogenic non-Bt counterparts (Table 3.1) 
were evaluated in field plots arranged in a randomized complete block design with eight 
replications. Fields were located at the Iowa State University Johnson farm (Story Co.) in 
1998, Woodruff farm (Boone Co.) in 1999, and the Agronomy and Engineering Research 
Farm (Boone Co.) in 2000. All fields were in a maize-soybean rotation and were field-
cultivated prior to planting between mid- and late May. Standard fertilization and weed 
management practices were applied in all fields. Plots consisted of four rows 5.33 min 
length planted at a density of 123,000 seeds/hectare and thinned to approximately 69,000 
seeds/hectare, with plants spaced 15-20 cm apart to standardize competition between 
neighboring plants. Each hybrid was subjected to two treatments: 1) mf1Uual infestation, 
consisting of two European com borer (ECB) infestations, one at growth stage V8-V9 (mid-
whorl) and one at growth stage Rl (silk stage) (24); 2) natural infestation (no manual 
infestations). Larvae for the manual infestations were reared at the USDA ARS Com Insects 
Laboratory in Ames and applied to plants using an applicator that delivered approximately 50 
neonatal larvae mixed with ground maize cobs to the whorl at V8-V9 apd to the axil of the 
ear shank at Rl (19). Each of the infestations was conducted twice within a one-week 
period. No inoculations of stalk rot pathogens were made, as these fungi are present 
naturally in sufficient quantities in residue and soil. 
Stalks were sampled at physiological maturity, as indicated by formation of a black 
layer on the kernel. Sampling consisted of systematic selection ( every ith stalk, where i = 5 or 
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6) of four stalks from an inner row of each four-row plot. Stalks were excised at the base 
with a pruning shears and trimmed back four nodes above the ear node, with the upper 
intemodes subsequently discarded. The remainder of the stalk was split longitudinally. 
Tissue cross-sections approximately 5 cm in length were excised aseptically_from 
each stalk. If disintegrated pith was observed, the decayed portion of the stalk was sampled. 
If no pith disintegration was present, a section of discolored tissue was sampled. In the 
absence of either pith disintegration or stalk discoloration, a section of healthy tissue was 
sampled. If European com borer injury had occurred, tissue associated with the injury also 
was sampled and labeled as disintegrated, discolored, or healthy. Tissµe samples were 
subsequently divided into four pieces, which were surface-disinfested for 1 min in a 0.5% 
NaOCI solution, placed onto potato dextrose agar (Difeo, Becton Dickinson Microbiology 
Systems) and incubated in the dark at 25 ° C until recognizable fungal colonies were formed 
( approximately four days). The colonies were transferred to carnation leaf agar for 
identification. Fusarium species were identified based on the criteria established by Nelson 
et al (20). Non-Fusarium stalk rot pathogens such as Colletotrichum graminicola, Bipolaris 
zeicola, and Stenocarpella maydis were also identified by morphology (1) (28,29). The fungi 
detected can all grow rapidly on potato dextrose agar; however, some slower-growing fungi 
may have escaped detection. 
The SAS statistical package (Statistical Analysis System, SAS Institute, Inc., Cary, 
NC) was used for all analyses (20). Analyses of variance were conducted on the mean 
proportions of stalk tissue samples per plot from which a given species was isolated. Four-
way analysis of variance was carried out to determine the main effects of hybrid brand, 
presence of Bt proteins (Bt), manual or natural infestation (treatment), and replicate block, as 
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well as interactions among these variables. Mean separation was performed using Duncan's 
multiple range test. The Simpson Diversity Index, which is a measure of both species 
evenness (relative abundance of each species) and to a lesser extent species richness (total 
number of species), was calculated for Bt transformation types and their non-Bt counterparts 
(7,10,25). Mean separation was performed using orthogonal contrast analysis. 
RESULTS 
Stalk rot pathogens were isolated from nearly every stalk in each year of the 
experiment. The pathogens isolated in highest proportions were Gibberella zeae, Fusarium · 
verticillioides, F. proliferatum, F. subglutinans, and Colletotrichum graminicola. G. zeae 
was the most common species in 1998 and 1999, isolated from 0.87 and 0.70 of sampled 
stalks, respectively. C. graminicola was the most common in 2000, isolated from 0.64 of 
sampled stalks. Less prevalent fungi recovered included F. sporotrichioides (0.16 of 
sampled stalks), F. semitectum (0.08 of sampled stalks), F. acuminatum (0.10 of sampled 
stalks), F. equiseti (0.08 of sampled stalks), Stenocarpella maydis (0.05 of sampled stalks), 
and Bipolaris zeicola (0.14 of sampled stalks). 
Stalk rot species composition differed between Bt and non-Bt hybrids, manual and 
natural ECB infestation, and among years (Table 3.2). The mean proportion of stalks infected 
with F. verticillioides was significantly lower in Bt hybrids than in non:-Bt hybrids in 1998 
(manual infestation) and 2000 (Figure 3.1). Similarly, the proportion of stalks infected with 
F. proliferatum and F. subglutinans was significantly lower in Bt hybrids compared to non-
Bt hybrids in some years, depending on the infestation treatment (Figure 3 .1 ). In 1999 and 
2000, the proportions of stalks infected with G. zeae were significantly higher in Bt hybrids 
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compared to non-Bt hybrids (Figure 3.1), but these differences were dependant upon hybrid 
brand in 2000 (Figure 3.2). The proportion of stalks infected with C. graminicola was 
significantly higher in Bt hybrids than in non-Bt hybrids in 2000 (manual infestation). 
Comparisons of species composition among three types of stalk tissue ( disintegrated, 
discolored, and healthy) were carried out in 1999 and 2000 (Figure 3.3). Disintegrated tissue 
had significantly higher proportions of most stalk rot pathogens than other tissue types in 
both years. There were significantly higher proportions of G. zeae in disintegrated stalk 
tissue compared to discolored tissue in both 1999 and 2000. Proportions of C. graminicola 
in disintegrated and discolored tissue were significantly higher compared to healthy tissue in 
2000. Also in 2000, the proportions of F subglutinans and F acumina_tum in disintegrated 
tissue were significantly higher compared to healthy tissue. In 1999, the proportions of 
Fusarium verticillioides and F subglutinans were significantly higher in disintegrated 
compared to discolored tissue, and were higher for F verticillioides in discolored tissue 
compared to healthy tissue. 
Species composition of the stalk rot complex was also influenced by whether or not 
the stalk tissue sample was associated with European com borer injury, a distinction recorded 
in 1999 and 2000 (Figure 3.4). The proportion of stalks infected with F verticillioides was 
higher in ECB-associated stalk rot compared to stalk rot not associated with ECB injury in 
both 1999 and 2000, while the proportion of G. zeae was lower in ECB-associated stalk rot in 
2000. Proportions of F. proliferatum and F subglutinans were higher in ECB-associated 
stalk rot in 2000, while the proportion of F subglutinans was lower in ECB-associated stalk 
rot in 1999. Proportions of Bipolaris zeicola, Stenocarpella maydis, and Colletotrichum 
graminicola were lower in ECB-associated rot in 2000. 
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The effect of Bt hybrids on fungal species diversity as calculated with the Simpson 
diversity index was minimal; however, certain Bt transformation types (176 and CBH 351) 
had significantly reduced species diversity indices compared to their non-Bt counterparts, 
depending on the year (Table 3.3). · 
DISCUSSION 
The management of maize stalk rots is complicated by the little-understood dynamics 
of the fungal populations responsible for stalk decay. Previous work on the role of 
environmental stresses such as leaf disease, overpopulation, and insect injury in stalk rot 
development have tended to focus on visual symptoms of decay, with little investigation of 
how these factors affect the complex fungal communities found in both diseased and healthy 
stalk tissue. We would be remiss to continue overlooking these fluctuations in stalk rot 
species composition, for stalk rot pathogens differ in dispersal mechanisms, environmental 
preferences, aggressiveness, mycotoxin production, resistance to plantdefenses, and other 
traits of epidemiological consequence (3, 14,31,33). 
Bt hybrids provide a unique tool for examining the species composition of the stalk 
rot complex in relation to European com borer injury, one of the stresses known to contribute 
to stalk rot development. Studies demonstrating a vector relationship between ECB larvae 
and several stalk rot pathogens provided a rationale for our hypothesis that Bt hybrids might 
have reduced proportions of these pathogens in their stalk tissue (27). The results of the 
present study substantiate this hypothesis to some extent, because the rrlative proportions of 
F. verticillioides, one of the species transmitted by ECB larvae, were significantly reduced in 
Bt hybrids compared to non-Bt hybrids in two out of three years. A similar but less 
pronounced pattern was observed in the reduced proportion of Bt stalks infected with F. 
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proliferatum and F. subglutinans, species whose vector relationship with ECB larvae is 
suspected but not confirmed (27). These reductions in the occurrence of Fusarium species in 
Bt hybrids may account for the decreased species diversity observed in some Bt hybrids 
compared to their non-Bt counterparts. 
A comparison of the fungal complex isolated from rotted stalk tissue both with and 
without ECB injury proved useful in the interpretation of species composition variation 
between Bt and non-Bt hybrids. In each of the two years this comparison was made, the 
proportion of stalks infected with F. verticillioides was significantly higher in the ECB 
injury-associated stalk rot than stalk rot not associated with ECB injury. This is consistent 
with the established vector relationship between F. verticillioides and ECB larvae and may 
explain why Bt hybrids, which have greatly reduced levels ofECB injury, also had 
significantly lower proportions of F. verticillioides than non-Bt hybrids in two out of three 
years. 
The significantly increased proportion of stalks infected with G. zeae in Bt hybrids in 
1999 and 2000 is also supported by the ECB-associated vs. non-ECB-associated stalk rot 
comparison. Stalk rot that was not associated with ECB injury (the type usually found in Bt 
hybrids) had significantly higher proportions of G. zeae in 2000 than ECB-associated stalk 
rot. Non-ECB-associated stalk rot also had significantly higher proportions of S. maydis, B. 
zeicola, and C. graminicola in 2000 compared to ECB-associated stalk.rot. It should be noted 
that in 2000 the effects of Bt transformation on G. zeae were dependent upon hybrid brand 
and that in 1998, two Bt transformation types showed the opposite effect of lower 
proportions of G. zeae compared to their non-Bt counterparts. From these results we 
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conclude that the effect ofBt hybrids on G. zeae occurrence in maize stalks is not as clear as 
the effect on F. verticillioides. 
Further research is necessary to explain the increased proportions of G. zeae and non-
Fusarium stalk rot pathogens in tissue unaffected by ECB injury. It has been speculated, 
however, that inter-specific competition may occur in stalk tissue (16)((32). Removing or 
reducing an infection pathway (ECB injury) that favors entry of F. verticillioides and related 
species may encourage the ingress and colonization of stalk tissue by other pathogens. The 
results ofthis project suggest that Fusarium species compete with other fungal pathogens in 
maize stalks, and that the shifts in species composition we observed in Bt hybrids are a 
reflection of the effects ofECB on fungal interactions in stalk tissue. 
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Table 3.1 Hybrid representatives of five Bt transformation types (even~s) and their near-
isogenic, non-Bt counterparts used in field experiments. 
Btevent 1998 1999 
176 (KnockOutY NK (Ciba) MAX21 NK (Ciba) MAX21 
Non-Bt NK (Ciba) 4349 NK (Ciba) 4394 
Btl 1 (Yieldgardt NK 4640Bt NK 7070Bt 
Non-Bt NK 4640 NK 7070 
MON810 (Yieldgardt 
Non-Bt 
DBT418 (BtXtra)Y 
Non-Bt 
CBH35 l (StarLinkY 
Non-Bt 
Pioneer 34R06 
Pioneer 3489 
DK 566Bt 
DK566 
Garst 8600Bt 
Garst 8600 
vciba Seeds, Greensboro, NC 
wNorthrup King Co., Golden Valley, MN 
xMonsanto Co., St. Louis, MO 
YDeKalb Plant Genetics, DeKalb, IL 
zGarst Seeds, Inc., Slater, IA 
Pioneer 34R06 
Pioneer 3489 
DK 595Bt 
DK595 
Garst 8539 BLT 
Garst 8539 IT 
2000 
NK (Ciba) MAX.454 
NK (Ciba) 4494 
NK 7070Bt 
NK 7070 
Pioneer 34R06 
Pioneer 3489 
DK595Bt 
DK595 
Garst 8539 BLT 
Garst 8539 IT 
Table 3.2 P values for the effects of brand, Bt transformation (Bt), manual or natural ECB infestation (Trt), and 
interactions among these variables on the incidence of selected fungal £athogens. 
1998 G. zeae F. verticillioides F. P..roliferatum F. subg_lutinans C. graminicola 
Brand <0.0F 0.23 0.18 0.44 <0.01 
Bt 0.48 <0.01 <0.01 0.55 0.58 
Trt <0.01 <0.01 0.01 0.88 0.86 
Brand x Bt <0.01 0.98 0.17 0.51 0.96 
Brand x Trt 0.07 0.67 0.21 0.47 0.22 
Trt X Bt 0.15 0.03 0.90 0.24 0.73 
1999 
Brand <0.01 0.46 0.97 0.18 0.02 
Bt <0.01 0.38 0.41 0.04 0.78 
Trt 0.01 <0.01 0.06 0.05 0.75 
BrandxBt 0.20 0.65 0.60 0.11 0.10 
Brand x Trt 0.09 0.85 0.99 0.33 0.49 
Trt X Bt 0.75 0.06 0.32 0.13 0.94 
2000 
Brand <0.01 0.21 0.20 0.02 <0.01 Vl 
Bt <0.01 <0.01 0.20 <0.01 0.18 
Vl 
Trt 0.83 <0.01 0.66 0.41 0.89 
BrandXBt <0.01 0.34 0.68 0.90 0.25 
BrandX Trt 0.96 0.30 0.62 0.21 0.33 
TrtXBt 0.40 0.89 0.03 0.62 <0.01 
2Values in bold significant at P< 0.05 
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Table 3.3 Values for Simpson Diversity Index for stalk 
tissue sam2Ied in 1998, 1999, and 2000. 
Bt tyQe 1998 1999 2000 
176 Bt 0.67
2 · 0.81 0.77 
Non-Bt 0.76 0.85 0.81 
BTll Bt 0.82 0.85 0.80 Non-Bt 0.83 0.85 0.83 
MON810 Bt 0.71 0.86 0.86 Non-Bt 0.72 0.85 0.86 
DBT418 Bt 0.72 0.81 0.86 Non-Bt 0.75 0.86 0.83 
CBH351 Bt 0.67 0.84 0.86 Non-Bt 0.77 0.83 0.84 
2Values in bold are significant at P < 0.05 
Ln1incll 
Simpson index D = 1 - N (N- 1) S = number ofspecies, n1 = number 
of individuals belonging to species, N = total number of individuals 
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Figure 3 .1 Mean proportions of selected stalk rot pathogens in Bt and non-Bt hybrids 
in 1998, 1999, and 2000. Manual infestation: plants inoculated with ~100 ECB larvae at 
growth stages V8-9 and Rl. Natural infestation: plants exposed to natural ECB populations. 
* indicate significant differences (P :S 0.05) · 
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Figure 3.2 Mean proportions of Gibberella zeae in maize stalk tissue samples 
collected from five Bt hybrids and their non-Bt counterparts in,1998, 1999, and 2000. 
* indicate significant differences (P=:;0.05) between Bt/non-Bt pairs. 
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Figure 3.3 Mean proportions of selected stalk rot pathogens in maize stalk tissue samples 
showing either discoloration, pith disintegration, or lack of symptoms (healthy) in 1999 and 
2000. Within a given species, columns with the same letter are not significantly different. 
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Figure 3.4 Mean proportions of selected stalk rot pathogens in stalk rot 
not associated with ECB injury and stalk rot associated with ECB injury in 
1998, 1999 and 2000. * indicate significant differences (Pi 0.05). 
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CHAPTER FOUR 
GENERAL CONCLUSIONS 
In this research we examined the effects of transgenic Bt hybrids on the incidence and 
severity of maize stalk rot and on the fungal species composition and diversity of the stalk rot 
complex. Five Bt transformation types and their non-Bt counterparts were subjected to 
manual and natural infestations with ECB larvae and evaluated for stalk discoloration, pith 
disintegration (stalk rot) and lodging. Severe ECB populations were not achieved with the 
manual infestations due to low survival of infested larvae. However, manual infestation did 
result in significantly more ECB tunneling than natural infestation in 1998 and 1999 and 
significantly more lodging in 1998. 
Bt hybrids had significantly less ECB tunneling, stalk discoloration, pith 
disintegration, and lodging compared to non-Bt hybrids in 1998, but these effects depended 
upon the Bt transformation type and the infestation treatment. Similar but less pronounced 
effects ofBt transformation type were observed in 1999. In 2000 the amount of pith 
disintegration remained lower in certain Bt hybrids, particularly in event BTl 1, while the 
amount of stalk discoloration and lodging was significantly higher in some Bt transformation 
types. These results suggest that the whether Bt hybrids contribute to or hinder stalk rot 
management depends on the specific Bt transformation type used, with.BTl 1 providing the 
most consistent reductions in stalk rot compared to its non-Bt counterpart. 
Fungal stalk rot pathogens were isolated and identified from stalk tissue samples 
obtained from Bt and non-Bt hybrids. The species composition of the stalk rot complex 
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differed between Bt and non-Bt hybrids, but in some cases (G. zeae, for example) the 
difference was observed only with individual Bt transformation types and their non-Bt 
counterparts. As predicted by the vector relationship between European com borer larvae 
and Fusarium species, the proportion of stalks infected with F. verticillioides was 
significantly lower in Bt hybrids, which had greatly reduced European com borer injury. In 
1999 and 2000, the proportion of stalks infected with G. zeae was higher in some Bt hybrids 
than in their non-Bt counterparts. A comparison between species composition in stalk rot 
associated with ECB injury and stalk rot not associated with ECB injury helps to explain 
these findings. Stalk rot that was not associated with ECB injury (the type usually found in 
Bt hybrids) was more likely to be caused by G. zeae in 2000 than ECB-associated stalk rot. 
While the mechanism behind the increased occurrence of G. zeae and non-Fusarium 
pathogens such as C. graminicola is unclear, it has been speculated th~t inter-specific 
competition may occur in stalk tissue. By removing or reducing an infection pathway (ECB 
injury) that favors some stalk rot pathogens over others, Bt hybrids may be altering the 
fungal species composition in maize stalks. 
